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1 Introduction 
 

Global warming is causing widespread impacts in all ecosystems and has been rapidly increased due 

to human actions by using fossil fuels as a source of energy, and greenhouse gases (GHG), such as 

carbon dioxide (CO₂), nitrous oxide (N₂O), and methane (CH₄), are being released into the atmosphere 

(IPCC 2022). In the history of the earth, microorganisms have adapted to various climates but at the 

same time, microbes have a crucial role in climate change, as they take a part in global biogeochemical 

cycles (FAQ 2017). Microorganisms recycle nutrients and consume GHGs (CO₂, CH₄, N₂O) as a source 

of energy, but also release them in their metabolism (FAQ 2017, Cavicchioli et al. 2019). Climate is 

warming faster in high latitude regions (IPCC 2022), which has raised the interest in thawing 

permafrost-affected soils in arctic and subarctic regions. A warming climate will expand the active 

layer of the soil and increase microbial activity. Consequently, thawing permafrost soils will release 

greenhouse gases into the atmosphere even more frequently in the future (Schuur et al. 2015, FAQ 

2017). The impacts of global warming have already been reported in arctic areas (IPCC 2022), yet its 

influence on tundra ecosystems is poorly known. Various environmental factors, such as low pH and 

temperature, have shaped microbial communities in the tundra soils (Männistö et al. 2007). These 

complex tundra soils are vulnerable ecosystems and sensitive to rapid changes, which makes them a 

challenging, but an important area to study.  

 

1.1 Nitrous oxide as a greenhouse gas 
 

N₂O, CO₂, and CH₄ are the main greenhouse gases in the atmosphere (Forster et al. 2007). Out of these 

three GHGs, CO₂ has increased in the atmosphere most rapidly and remains the principal GHG and 

major contributor to climate change (IPCC 2014). The global warming potential (GWP) of a GHG 

describes its ability to warm up the atmosphere at a certain time. GWP is relative to CO₂, and it is used 

to compare different greenhouse gases (Forster et al. 2007). Annual emissions of CH₄ are lower than 

CO₂ emissions, but its global warming potential is 25 times stronger than CO₂, which makes methane 

a significant GHG. CO₂ and CH₄ are mentioned more frequently when speaking of climate change as 

they are accountable for the majority of global emissions (IPCC 2014). Overall N₂O emissions are lower 

than CO₂ and CH₄, yet its impact on the warming atmosphere is much stronger. The global warming 

potential of N₂O is 300 times more than CO₂ on a 100-year scale (Forster et al. 2007). Thus, N₂O is a 

powerful contributor to global warming. 
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Thawing permafrost soils are noticed to be large sources of carbon dioxide and methane (Schuur et 

al. 2015, Madigan et al. 2018). However, the role of nitrogen and the emissions of N₂O in these soils 

have been considered insignificant. Recently, the awareness of arctic and subarctic soils has increased, 

and they are acknowledged as important sources of N₂O (Voight et al. 2020, Gil et al. 2021). Tropical 

and agricultural soils release the majority of the global N₂O emissions (Werner et al. 2007), as the 

microbial activity is remarkably faster in these soils. Arctic soils are recognized as an important 

reservoir of nitrogen (Voight et al. 2017), but the role of microorganisms and their contribution to N₂O 

emissions from arctic and subarctic soils need to be studied more widely.  

During winter, snow cover and ice layers affect to emissions of greenhouse gases in various ways. A 

thick snow cover acts as an insulator and prevents total freezing of the soil. Thus, microorganisms 

remain active under the snow (Schimel et al. 2004, Sommerfeld et al. 1993) and can continue releasing 

GHGs even in the non-growing season. Gases can be trapped under the snow cover and can be 

released in sudden peaks in winter or when thawing occurs. Freeze-thaw events in the soil increase 

the N₂O emissions (Maljanen et al. 2007). In contrast, reduced snow cover can increase emissions 

because gases are not trapped under the snow. Lack of snow can increase the frequency of freeze-

thaw events, and gases can be released continuously during winter (Maljanen et al. 2010, Ruan & 

Robertson 2017). Altogether, winter conditions influence microbial communities and the production 

of N2O. Therefore, it is important to achieve a better knowledge of microbial activity during winter.  

 

1.2 Nitrogen in soil ecosystem 
 

Dinitrogen, or nitrogen gas (N₂), in Earth’s atmosphere is a significant reservoir for nitrogen (Madigan 

et al. 2018). Although N₂ is the main gas in the atmosphere, it can be used directly as a biological 

nitrogen source only by a fraction of bacteria and archaea by nitrogen fixation, and convert N₂ into a 

biologically available form, ammonia (NH3). Thus, available nitrogen in ecosystems is mainly 

dependent on nitrogen fixation. In nitrification, nitrogen is further transformed into other biologically 

available compounds. Nitrogen in the soil ecosystem can be found in different combinations, such as 

nitrate and nitrite, and these forms can be used as a building material in cells (Madigan et al. 2018, 

Maier 2015). As stated before, the amount of biologically available N in soil is dependent on nitrogen 

fixation. Consequently, nitrogen is usually a limiting factor in ecosystems (Maier 2015), and it is used 

quickly in soils.  

Nitrogen fixation and nitrification are the main processes to convert nitrogen into biologically available 

forms, while denitrification removes nitrogen sources from the soil. In the soil ecosystem, N₂O 
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emissions mainly come from denitrification. It is a microbiological process, in which nitrate (NO3-) is 

reduced to nitrite (NO2-), nitrous oxide (N₂O), nitric oxide (NO), and finally to dinitrogen (N₂) (Madigan 

et al. 2018). Even though denitrification is the main process producing N₂O emissions, also nitrification 

plays a role in N₂O emissions (Bremner 1997, Voight et al. 2020). Typically, nitrification occurs in 

aerobic conditions while denitrification occurs in anaerobic conditions (Voight et al. 2020). 

The microbial community studies provide information on microbial communities at a sampling 

moment. In metagenomics, the target molecule is DNA and it provides information on the abundances 

of microbial communities. In metatranscriptomics, total RNA from diverse microbial communities is 

sequenced and it provides information on active communities and the active of genes (Shakya et al. 

2019). A set of different genes are encoding the enzymes needed in oxidation and reduction reactions 

in the nitrogen cycle (Figure 1). When analyzing the transcripts of genes involved in the nitrogen cycle 

together with active microbial communities, it is possible to inspect the importance of specific energy 

pathways. 

 

 

 

 

 

Figure 1. Genes encoding the enzymes involved in the nitrogen cycle. The dashed line represents the oxic and 
anoxic environments, where nitrification usually occurs in the oxic environment, while denitrification occurs in 
anoxic environment. Modified from Smith et al. 2015. 
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1.3 Aims 
 

In my master’s thesis, active microbial communities and their functional genes were studied from 

subarctic tundra soils in winter. My aim was to achieve a better knowledge of the microbiological 

processes of denitrifiers as well as their contribution to N₂O emissions in winter. Soil samples from 

five different vegetation types were collected from Kilpisjärvi, northern Finland, in early April 2021. I 

used metatranscriptomics analysis to study active microbial communities and their active gens. RNA 

from soil samples was extracted and sequenced to obtain information on active microorganisms and 

their transcripts of genes at the sampling moment. My focus was on active genes in the nitrogen cycle 

and, specifically, on the genes involved in denitrification, as it is the main process of releasing N₂O. In 

addition, genes involved in carbon fixation and methane metabolism were studied. For a 

comprehensive overview of the soil conditions and processes, various environmental factors (pH, soil 

temperature, soil organic matter, soil water content, and snow depth) and gas fluxes of N₂O, CH₄, and 

CO₂ were studied together with metatranscriptomic data. I hypothesized that soil microbial 

communities are showing activity under the snow cover. Furthermore, these communities will most 

likely continue producing greenhouse gases and N₂O emissions may occur from denitrifiers during 

winter as well.  
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2 Materials and methods 
 

 

 

 

2.1 Sampling 
 

Soil samples were collected from the valley near Saana fell in northern Finland, Kilpisjärvi, during one 

week in early April (Figure 2). The study area of 3 km2 is located between Fell Saana and Fell Korkea-

Jehkas, and it is part of the subarctic tundra biome. In summer, vegetation types vary across the valley, 

being mainly dwarf shrubs (Kemppinen et al. 2019). The average air temperature in April from 1981 

to 2010 measured at the Kilpisjärvi meteorological station was -3.9°C (Pirinen et al. 2012). The 

collected samples represented five different vegetation types: fen, deciduous shrub, evergreen shrub, 

meadow, and barren (Figure 3). The snow above the soil was shoveled away and the soil was softened 

using a chisel and hammer. Soil samples were collected with spoons into the Whirl-pak sampling bags 

(Nasco, Fort Atkinson, WI, USA) from the organic layer of the soil, with a 5 cm target depth below the 

soil surface. All equipment used was not sterile but cleaned with 70% ethanol between the sampling 

sites. After the collection, samples were immediately placed on dry ice and stored at -80°C to prevent 

the degradation of RNA. Soils for the analysis of soil physicochemical properties (pH, soil organic 

matter, and soil water content) were collected into a Whirl-pak sampling bag and kept in air 

temperature of -5°C to +5°C in the field and stored at +4 to +8°C until analyzed.  

Figure 2. Workflow of the used methods. After the sampling, RNA was extracted and purified, and cDNA libraries were 
constructed and sequenced. Metatranscriptomic data was analyzed together with measured environmental parameters 
and gas fluxes. 
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2.2 Gas flux measurements 
 

The gas flux gradients of carbon dioxide CO₂, methane CH₄, and nitrous oxide N₂O were measured by 

using the snow gradient method. Fluxes were collected from the sampling site with two replicates 

next to the sampling site into a clean sampling tube with a syringe and gas sampling probe. First, fluxes 

from ambient air above snow were collected. A gas sampling probe was inserted into the snow and 

fluxes were collected beneath the snow every 10 centimeters, until the soil surface was reached. 

Fluxes from the sampling sites with snow depths over 100 cm were sampled every 20 centimeters. 

The ice layers in the snow were marked down, and the snow depth, air temperature, and soil surface 

temperature were measured at every sampling site. Gas sample tubes were kept in air temperature 

of -5°C to +5°C in the field and stored at room temperature. The gas fluxes were analyzed with a gas 

chromatograph (GC; Agilent 7890B Agilent Technologies, Santa Clara, CA, USA) equipped with an 

autosampler (Gilson Inc., WI, Middleton, USA) at the University of Eastern Finland. An electron capture 

Figure 3. Map of the study sites of Arctic microbial ecology research group in Kilpisjärvi, northern Finland. Collected 
samples are circulated with corresponding color of vegetation type. 
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detector (ECD) was used for measuring N₂O fluxes, a flame ionization detector (FID) for CH₄ fluxes, 

and a thermal conductivity detector (TCD) for CO2 fluxes. 

 

2.3 Analysis of soil physicochemical properties  

 

Soil organic matter (SOM, %), soil water content (%), and pH were analyzed from the soil samples. 

Samples were frozen at -20C for at least 24 hours and before freezing, the samples were weighed, to 

obtain fresh soil weight. Frozen samples were freeze-dried (Christ Lyo Cube 4-8) for 3 days. Soil water 

content was calculated from the fresh soil weight and dried soil weight.  

Dried soils were homogenized in a mortar and the largest plant parts, or small rocks were removed. 

pH values were measured according to the international standard ISO 10390 and SOM contents were 

measured by loss on ignition analysis according to standard SFS 3008.  

 

2.4 RNA extractions and construction of cDNA libraries 
 

Approximately 1000 mg of soil was weighed on dry ice using tweezers that were flame sterilized and 

cooled down. From each sample, duplicates were weighed in 7 ml bead beating tubes, and beads from 

two Lysing matrix E tubes (MP Biomedicals, Heidelberg, Germany) were added. Nucleic acid extraction 

was performed by using modified CTAB, phenol-chloroform, and bead-beating protocol (Viitamäki 

2019). Deviated from the protocol used in Viitamäki (2019), two-fold volumes of the reagents were 

used; 1 ml of CTAB buffer (10% CTAB in 1 M NaCl and 0.5 M phosphate buffer in 1 M NaCl), 100 µl 0.1 

M ammonium aluminum sulfate (NH4 (SO4)2 · 12 H2O) and 1 ml phenol:chloroform:isoamylalcohol 

(25:24:1) was added into 7 ml soil sample tube. Furthermore, bead beating was conducted with Omni 

Bead Ruptor 24 with Cryo Cooling Unit (OMNI International, Kennesaw, GA, USA) at +4°C, 5.5 m s-1 for 

30 s. After homogenization, the aqueous phase was divided into two tubes and 1 volume of 

chloroform was added. DNA and RNA were precipitated with PEG6000 (30% in 1.6 M NaCl) and 

washed with cold 70% ethanol. The extraction was done twice for each sample by adding CTAB to the 

bead beating tube. Pellets containing DNA and RNA were dissolved in 25 µl of Buffer EB and 125 µl 

Buffer RLT (Qiagen, Hilden, Germany) with β-mercaptoethanol. Samples were kept on ice during the 

extraction and centrifugations were done at +4°C.  

The DNA and RNA were purified with AllPrep DNA/RNA Mini Kit (Qiagen, Hilden, Germany). Purified 

DNA was stored at -20°C and RNA at -80°C. The concentration and the RNA integrity number (RIN) 
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were measured with Bioanalyzer 2100 Nano/Pico Chip with Total RNA Assay (Agilent, Santa Clara, CA, 

USA). The PCR with universal primers and gel electrophoresis (2% agarose gel, 1 x TAE buffer) were 

conducted to confirm that extracted RNA was DNA free.   

RNAs were pooled and complementary DNA (cDNA) libraries were made with Ultra II RNA Library Prep 

Kit for Illumina (New England Biolabs, Ipswich, MA, USA). Finally, the concentrations of cDNAs were 

measured using a Qubit fluorometer, dsDNA BR/HS kit (Invitrogen), and the size of cDNAs was checked 

with gel electrophoresis. All the samples were combined by containing 50 ng of cDNA library and were 

sequenced with Illumina NovaSeq 6000 in 150 bp paired-end mode at Novogene, UK.  

 

2.5 Sequence data analysis 
 

 

Figure 4. Workflow of used programs in data analysis. 10% of reads were analyzed from trimmed data with Metaxa2 to 
obtain the taxonomy of active microbial communities. All trimmed data were analyzed to obtain active genes. 

 

Sequence data was trimmed with Cutadapt (version 2.7, Martin 2011) with the minimum length set 

as 50 bp and with a quality cutoff set as 20. FastQC (version 0.11.8, Andrews 2010) with default options 

was run before and after Cutadapt, to inspect the quality of the raw and trimmed sequence data 

(Figure 4). For taxonomic identification of active microbial communities, the trimmed sequence data 

was first parsed from total reads of 2×108 to 2×107 (10%) with Seqtk (version 1.3-r106, Li 2013). This 

10 % of RNA reads were further analyzed with Metaxa2 (version 2.2.1, Bengtsson-Palme et al. 2015). 

SILVA release 111 (Quast et al. 2013) was used as a database in Metaxa2 (Figure 4.). 

For the analysis of active microbial genes, the trimmed sequences were filtered with SortMeRNA 

(version 4.3.4, Kopylova et al. 2012) to obtain the total list of rRNAs in the data. The rRNA gene 

database of archaea (16S & 23S), bacteria (16S & 23S), eukaryote (18S & 28S) from SILVA release 119 
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and rfam (5S & 5.8S) from Rfam release 11.0 (Burge et al. 2013) were used. The list of identified rRNA 

sequences from SortMeRNA was removed from trimmed sequence data to obtain mRNA sequences. 

mRNA reads were mapped to the Kyoto Encyclopedia of Genes and Genomes (KEGG) Prokaryote 

database release 86 (Kanehisa & Goto 2000) using DIAMOND blastx (version 2.0.4.142, Buchfink et al. 

2021) with an e-value of 1 x 10-5 and ID value of 60. Genes pmo and amo, encoding particulate 

methane/ammonia monooxygenase, were identified with DIAMOND blastx (version 2.0.4.142, 

Buchfink et al. 2021) using an in-house database containing sequences of pmoA and amoA from 

bacteria and archaea (Viitamäki et al. 2022). 

KEGG Orthology (KO) identifier numbers and KEGG metabolic pathways were assigned to individual 

genes with R (version 2021.09.1, R Core Team 2021) and using the tidyverse package (version 1.3.1, 

Wickham et al. 2019). R was further used for the statistical and graphical analysis of the data. 

Tidyverse, ggplot2 (version, 3.3.5, part of the tidyverse, Wickham 2016), and vegan (version 2.5.7, 

Oksanen et al. 2020) packages were used to construct heatmaps of active genes and redundancy 

analysis (RDA). The phyloseq package (version 1.38.0, McMurdie and Holmes 2013) was used to create 

bar plots of microbial compositions and a heatmap of family-level abundance. A square root 

transformed data was used to create a heatmap of family-level abundance. In addition, RcolorBrewer 

(version 1.1.2, Neuwirth 2014) and colorspace (version 2.0.2, Zeileis 2020) packages were used for 

color selection.   
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3 Results 
 

Concentrations of purified RNAs were high in most of the samples, ranging from 20 to 1000 ng/ul, with 

an average of 500 ng/ul. The sequence data contained approximately 200 million reads in all but two 

samples, 181 and 733, which had approximately 70 million reads. Altogether 19 samples were 

collected, from which five samples belonged to the meadow, five to deciduous shrubs, five to 

evergreen shrubs, three to fen, and one to barren. All environmental factors; snow depth, soil 

temperature, pH, soil water content, and soil organic matter (SOM), were measured from 17 samples. 

Snow depth and soil temperature were not measured from sample 271. SOM content was not 

analyzed from meadow sample 811 due to the small amount of collected sample. In this study, SOM 

content for sample 811 was obtained from data from previous years’ studies and the average of SOM 

content from Kilpisjärvi data in summer 2018 and 2019 was used. Gas fluxes were collected from all 

samples, but not from 271 (Figure 11; Appendix 8.2). The pH values ranged from 4 to 7, snow depth 

from 20 to 215 cm, soil temperature from 0 to -2.5°C, soil water content from 55 to 99% and SOM 

content from 20 to 99% (Figure 5; Appendix 8.1).  

 

 

 

Figure 5. Soil physicochemical properties in the five studied vegetation types. 
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3.1 Active microbial communities 
 

Approximately 70% of analyzed rRNA fragments belonged to bacterial, which was the most active 

domain (Figure 6). Eukaryotes were more abundant in two fen samples 12221 and 12217, while in the 

rest of the samples, domain Bacteria dominated. In addition, the abundance of bacteria and eukaryota 

was high in all 19 samples, while the abundance of active archaea was low. Sample 1075 (deciduous 

shrub) contained slightly more archaea than other samples. In all samples, only 0.03% of rRNA was 

archaeal, from which phylum Thaumarchaeota was the most abundant. Approximately 30% of all 

reads were assigned as eukaryal rRNA, from which 14% were fungal rRNA. Approximately 5% of 

assigned rRNAs were unknown. 

  

Figure 6. Composition of microbial communities in domain level and relative abundances of archaea, bacteria and eukaryota. 

 

From the ten most abundant phyla, Actinobacteria, Proteobacteria, Acidobacteria, and 

Planctomycetes were the most active from assigned bacterial and archaeal rRNA reads (Figure 7). Fen 

sample 12217 contained a higher abundance of Proteobacteria but a lower abundance of 

Actinobacteria compared to other samples. The abundance of phylum Acidobacteria was the same 

between samples, except for fen sample 12221 and meadow samples 811 and 979, which had a lower 
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abundance of Acidobacteria. Phyla Bacteroidetes, Chloroflexi, Cyanobacteria, Firmicutes, and 

Verrumicrobia were found in all samples but in a lower abundance. 

 

Figure 7. The ten most abundant phyla from assigned bacterial and archaeal rRNA. Actinobacteria, Proteobacteria, 
Acidobacteria, and Planctomycetes were the most active phyla 

.  

Out of the 50 most abundant families, the most active families belonged to the phyla Proteobacteria, 

Planctomycetes, Actinobacteria, and Acidobacteria (Figure 8). Phylum Planctomycetes was most 

abundant in all samples, but only with one family: Planctomycetaceae. Proteobacteria, Actinobacteria, 

and Acidobacteria had more active families overall. Families Polyangiaceae and Acetobacteraceae 

(Proteobacteria) were most abundant in all samples and family Comamonadaceae was more 

abundant in fen sample 12221 and meadow samples 811 and 979. Families Bradyrhizobiaceae and 

Caulobacteraceae (Proteobacteria) showed a slight activity. The Thermomonosporaceae was the most 

abundant family from phylum Actinobacteria, in most of the samples. It was found less in fen samples 

12217 and 12221, and meadow samples 811, 979, and 181. Families Pseudonocardiaceae, 

Nocardioidaceae, and Micromonosporaceae (Actinobacteria) were found most in meadow samples 

811 and 979. Family Acidobacteriaceae was most abundant family in phylum Acidobacteria, but the 
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abundance of Acidobacteriaceae was lower in fen sample 12221 and two meadow samples 811 and 

979.  

 

Figure 8. The heatmap of the 50 most abundant bacterial families. The most active families belonged to the phyla 
Proteobacteria, Planctomycetes, Actinobacteria, and Acidobacteria. 

 

Redundancy analysis (RDA) of the active bacterial and archaeal communities showed that most of the 

evergreen and deciduous shrub samples were clustered together, and microbial communities in these 

samples were active in low snow depth, pH, soil water content, soil temperature, and SOM content 

(Figure 9). Moreover, communities in samples 577, 115, 811, 388, and 181 were active in high N₂O 

and CO₂ and low CH₄. Communities in two fen samples 12217 and 12221, and in meadow sample 979 

were active in high snow depth, pH, soil water content, soil temperature, and SOM content.  
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Figure 9. Redundancy analysis (RDA) presents the relationship between active bacterial and archaeal communities and 
different environmental factors.  

 

3.2 Microbial gene activity 
 

Genes involved in nitrogen metabolism pathways showed activity in most of the samples (Figure 10A). 

Transcripts of genes involved in assimilatory and dissimilatory nitrate reduction (DNRA) pathways 

were abundant, from which genes nirB, nasA and nirA had strong activity.  Transcripts of genes NifDHK, 

involved in nitrogen fixation, were not highly active, but the abundance was highest in meadow 

sample 12222. Evergreen samples 37 and 577 and meadow sample 811 did not show activity in 

nitrogen fixation. Genes encoding particulate methane/ammonia monooxygenase (pmo/amo) and 

gene encoding hydroxylamine dehydrogenase (hao) are involved in nitrification (ammonia to nitrite) 

and complete nitrification (ammonia to nitrate) pathways. There was only a low expression of hao in 

the meadow sample 979. Genes pmo and amo were widely expressed in most soils, and especially 

transcripts of gene pmoC/amoC was abundant. Only in samples 25 and 388 transcripts of genes 

pmo/amo were not found. Majority of the genes pmo/amo were identified as encoding particulate 
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methane monooxygenase (pMMO) that oxidates methane to methanol. Thus, the activity of the gene 

amo in the nitrification pathway was not strong in these soils. Gene amo was active only in meadow 

sample 979.  

Transcripts of genes involved in denitrification (nitrate to nitrogen) were active, but in a lower number. 

The highest activity in all samples was in nitrite reductase (nirK) and nitric oxidase reductase subunit 

B (norB). The alpha subunit of nitrate reductase/nitrite oxidoreductase (narG, narZ, nxrA) and nitrous-

oxide reductase (nosZ) were active in a small number. Nitric oxidase reductase subunit C (norC) was 

active only in sample 979. Gene expression in deciduous shrub sample 1075 was strong in most of the 

nitrogen pathways. The nitrous oxide (N₂O) fluxes ranged from -4 to 21 µg N₂O m–2 d–1 and varied 

between different vegetation types (Figure 11; Appendix 8.2). 

Transcripts of genes involved in methane metabolism pathways were abundant, and most active 

genes in all samples were encoding enzymes to the serine pathway of formaldehyde assimilation 

(Figure 10B). Gene (fbaA) encoding enzyme fructose-bisphosphate aldolase in ribulose 

monophosphate and xylulose monophosphate pathways of formaldehyde assimilation was expressed 

to a high extent in all samples. Transcripts of genes involved in methane production from acetate, 

methanol, methylamine, or CO₂ (methanogenesis) were not abundant. Methane oxidation 

(methanotroph) pathway showed activity in genes encoding particulate methane monooxygenase 

(pmoABC). Genes (mmoBXYZ) encoding soluble methane monooxygenase (sMMO) and genes 

(mdh1/mxaF) encoding methanol dehydrogenase were expressed only in small numbers. Out of all 

samples, deciduous shrub sample 1075 showed the most activity. Methane (CH₄) fluxes stayed low in 

all sampling sites, ranging from -1.5 to 0.1 mg CH₄ m-2 d-1 (Figure 11; Appendix 8.2). 

The genes involved in carbon fixation metabolism showed activity (Figure 10C), and genes in the 

reductive pentose phosphate cycle (Calvin cycle), reductive citrate cycle (Arnon-Buchanan cycle), 

dicarboxylate-hydroxybutyrate cycle, and 3-Hydroxypropionate bi-cycle were abundant. In the 

dicarboxylate-hydroxybutyrate cycle pathway, gene (atoB) encoding acetyl-CoA C-acetyltransferase 

was expressed in a high number among all samples. The most active sample was deciduous shrub 

sample 1075. Carbon dioxide (CO₂) fluxes were high in most of the sampling sites, ranging from -100 

to 1500 mg CO₂ m-2 d-1. One negative value (-100 mg CO₂ m-2 d-1) was measured from meadow sample 

811, while others obtained positive values (Figure 11; Appendix 8.2). 
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Figure 10. Transcripts of genes involved in A) Nitrogen metabolism, B) Methane metabolism, and C) carbon fixation.  

Figure 11. Fluxes of nitrous oxide N₂O, methane CH₄, and carbon dioxide CO₂ from four different 
vegetation types.  
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According to the redundancy analysis (RDA) of annotated KEGG genes and environmental factors, 

most deciduous shrub samples, as well as most meadow samples, clustered together (Figure 12). 

KEGG profile of deciduous shrub samples clustered with  low snow depth, pH, soil temperature, N₂O, 

and soil water content. In contrast, KEGG profiles in most of the meadow samples clustered more in 

high snow depth, pH, soil temperature, N₂O, and soil water content. In high pH, soil water content and 

soil temperature KEGG profiles in two fen samples 12217 and 12221 were more active. KEGG profiles 

in evergreen shrub sample 37 were active in high SOM content and CH₄, while KEGG profile in samples 

427, 577, 733, and 181 were active in low CH₄ and SOM, and in high CO₂.  

 

Figure 12. Redundancy analysis (RDA) presents the relationship between the KEGG profiles of bacterial and archaeal 
communities and different environmental factors. 
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4 Discussion 

 

4.1 Active microbial communities under the snowpack 

The composition of active communities resembled typical microbial composition in tundra soils based 

on other studies from similar subarctic and arctic soils (Viitamäki 2019, Männistö et al. 2007, Kim et 

al. 2014, Gadkari et al. 2019). In this study, all the samples were collected from the surface organic 

layer of the soil and therefore this study does not describe differences in composition in different soil 

layers. However, community composition changes when moving into deeper layers of the soil and Kim 

et al. (2014) showed that phyla Alphaproteobacteria, Gammaproteobacteria, and Planctomycetes 

were more abundant on the surface layers of the acidic tundra soils in Alaska. Actinobacteria include 

species that can decompose tough organic material, such as cellulose and lignin (Anandan et al. 2016), 

and Actinobacteria had an important part in the reduction of nitrate in northern Finnish peat soils 

(Palmer & Horn 2012). Planctomycetes take a part in degrading organic material (Ivanova & Dedysh 

2012) and can play a role in anaerobic ammonium-oxidizing reactions in soil (Neumann et al. 2013). 

Männistö et al. (2013) showed that Acidobacteria and Proteobacteria include species that tend to 

dominate in windswept areas, and in habitats with deep snow cover. However, the microbial 

composition based on RNA in winter did not differ a lot from the microbial composition studied from 

the same subarctic soils in summer (Viitamäki 2019), and the active bacterial and archaeal 

communities in these soils stay similar despite the seasonal changes. Members of Acidobacteria live 

in an acidic environment (Männistö et al. 2007) and the pH clearly was affecting the abundance of 

Acidobacteria in this study, as the abundance decreased in samples with higher pH (pH 6 or above).  

Proteobacteria include members with diverse metabolic strategies and various species are capable of 

nitrification, nitrogen-fixing, and denitrification (Madigan et al. 2018). Thus, various members of 

Proteobacteria most likely play an important role in denitrification. The family Acetobacteraceae 

(Alphaproteobacteria) include acetic acid bacteria, from which some species, such as 

Gluconacetobacter diazotrophicus, have been reported to be able to fix nitrogen from the atmosphere 

(Komagata et al. 2014). In addition, members of Bradyrhizobiaceae (Alphaproteobacteria) play an 

important part in the nitrogen cycle because many species can utilize nitrogen in different forms. 

Especially genus Bradyrhizobium take a part in nitrogen fixation, but some species, such as genus 

Bosea, play a role in denitrification (Marcondes de Souza et al. 2014). Family members of 

Polyangiaceae (Deltaproteobacteria) are common soil microbes, as they take a part in decomposing 

the plant material, particularly in cellulose degradation (Garcia & Müller 2014). Comamonadaceae 
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(Betaproteobacteria) was clearly more active in higher pH (over 6) and this family contains species 

living even in hyper-alkaline environments (Burke et al. 2012). Additionally, some members in this 

family, such as Comamonas denitrificans, are known to be denitrifying bacteria (Willems 2014).  

The activity of archaea was extremely low in these soils. Sample 1075 contained archaea more than 

other samples, and also the transcripts of genes in sample 1075 were abundant in nitrogen, methane, 

and carbon metabolism. Phylum Thaumarchaeota, described in 2008 by Brochier-Armanet et al., was 

the most abundant archaeal phylum found in this study. It contains species that are capable of 

oxidating ammonia and fixing CO₂ (Spang et al. 2010). Even though the interaction of the archaea in 

these soils remains minor, Thaumarchaeota can have an important role in nitrogen and carbon 

metabolism pathways. 

4.2 Gene expression and production of greenhouse gases 

 

Both dissimilatory and assimilatory nitrate reduction pathways, as well as denitrification pathway, 

showed activity in these soils. These pathways were active also in Viitamäki’s (2019) summertime 

study from the same Kilpisjärvi soils. In assimilatory nitrate reduction, nitrate is converted into 

ammonia but utilized in cellular functions such as amino groups in proteins (Figure 13). In dissimilatory 

nitrate reduction (DNRA) microorganisms reduce nitrate to ammonia as well, but ammonia is not used 

in cellular functions but released in the soil environment. Both described pathways keep the nitrogen 

in the soil ecosystem. In denitrification nitrate is removed from the ecosystem, as it is reduced into 

gaseous forms of nitrogen: NO, N₂O, or N₂ (Madigan et al. 2018). Genes (amoABC) encoding ammonia 

monooxygenase were not expressed and activity in the nitrification pathway was not strong. 

 

Figure 13. Nitrate is reduced to nitrite, which can be further reduced in gaseous forms of nitrogen and is lost from the soil 

ecosystem. Nitrite can be assimilated into new cell material or dissimilated into the soil ecosystem. 
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Even though nitrous oxide has high global warming potential, emissions of CO₂ and CH₄ are discussed 

more often and the production of N₂O has been ignored. In addition, N₂O emissions from subarctic 

and arctic regions have been rarely studied (Voight et al. 2020), especially emissions released during 

winter. Repo et al. (2009) reported large emissions (1.9 - 31 mg N₂O m−2 d−1) of N₂O from subarctic 

permafrost-affected tundra peatlands, which were almost as high as emissions from agricultural or 

tropical areas. Compared to these amounts, N₂O fluxes in this study were not high. However, these 

outstandingly high emissions in Repo and colleagues (2009) study have been measured in the summer 

and are considered as hotspots for N₂O emissions. Marushchak et al. (2011) also studied subarctic 

tundra peatlands, as well as palsa mires in Northern Finland, and showed similar results of large 

emissions of N₂O as Repo et al. (2009) showed. In addition, Marushchak et al. (2011) showed that N₂O 

emissions from Finnish palsa mires were variable, but some emissions were as high as emissions from 

tundra peatlands. Various factors have influenced the creation of these high emissions, such as the 

absent vegetation cover, and low C/N ratio (Repo et al. 2009, Marushchak et al. 2011).  

Wintertime emissions of N₂O from abandoned peat extraction areas in Estonia were an average of 

2.38 µg N₂O-N m−2 d−1 (3.7 µg N₂O m−2 d−1) (Viru et al. 2020). Estonia is in a temperate climate zone 

and former peat extraction areas differ from pristine tundra soils. Voight et al. (2020) reported that 

N₂O fluxes from various arctic soils had a median value of 38 µg N₂O-N m−2 d−1 (59 µg N₂O m–2 d–1) in 

summer. Compared to the emissions obtained from Estonia and various arctic soils, the N₂O emission 

of 21 µg N₂O m–2 d–1 measured from meadow sample 811 in this thesis, can be considered high for a 

wintertime emission. Overall, N₂O emissions in this study were low, yet evident. In samples that had 

the highest N₂O emissions, the transcripts of genes in the denitrification pathway were only observed 

in a low abundance. This was surprising, as the N₂O emissions mainly come from the denitrification 

process and thus, genes involved in denitrification should be active. However, this study was 

qualitative, meaning that the data only describes the relative activities of the genes and therefore, 

even one expressed gene can be considered as gene activity. Moreover, various circumstances, such 

as weather conditions and environmental factors influence the microbial communities, as well their 

gene activities and production of greenhouse gases.  

Denitrifiers do not necessarily encode all the enzymes required for complete denitrification (Madigan 

et al. 2018, Pessi et al. 2020). Pessi et al. (2020) concluded that microbial species in Finnish tundra 

soils did not possess all the genes encoding enzymes to complete denitrification, but instead tundra 

soils contain microorganisms encoding only a part of the enzymes to denitrification. Thus, in a soil 

community, where microorganisms are lacking the nitrous-oxide reductase encoding gene (nosZ), 

emissions of N₂O can become large, as N₂O is not reduced to NO. Even more, Pessi et al. (2020) showed 
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that members of phylum Acidobacteria, which were also abundant in this thesis, dominated with the 

ability to reduce NO to N₂O and they can have a crucial role in the production of N₂O emissions in 

acidic tundra soils.  

The transcripts of genes involved in carbon fixation metabolism pathways were abundant and CO₂ gas 

production was notable in this study. In the reductive pentose phosphate cycle (Calvin cycle), 

atmospheric carbon dioxide is converted into carbohydrates by various phototrophs, such as 

cyanobacteria, and it is the most fundamental pathway in carbon fixation (Martin et al. 2000, Jones 

2008). The reductive citrate cycle (Arnon-Buchanan cycle), also known as a reverse citric acid cycle or 

reverse Krebs cycle, uses reverse reactions of the citric acid cycle and forms carbon compounds from 

CO₂ by many microaerobic and anaerobic bacteria, as well as archaea (Berg 2011). The 3- 

hydroxypropionate bicycle uses CO₂ to form glyoxylate, which is assimilated in the second cycle and 

converted into e.g., acetyl-CoA and the best-known bacteria using it are Chloroflexus sp. (Herter et al. 

2001, Berg 2011). Both high gene expression in carbon fixation pathways and high emissions of CO₂ 

showed that microbial communities were active already in early April in these subarctic soils.  

Methanotrophs oxidate methane to formaldehyde, which can be further assimilated and converted 

into different compounds used in cell metabolism (Madigan et al. 2018). Formaldehyde can be utilized 

in the serine pathway, in which the transcripts of genes were abundant, as previously seen in Viitamäki 

et al 2022. In methanogenesis, methane is produced in cell metabolism, whereas in methanotrophy 

methane is oxidated. Gene expression in all methanogenesis pathways was low, which indicated that 

methanogenesis was not an important energy source in these soil samples. Methanotrophic bacteria 

use particulate methane monooxygenase (pMMO) or soluble methane monooxygenase (sMMO). In 

the oxidation of methane to methanol, methanol is further oxidized into formaldehyde with methanol 

dehydrogenase. The genes pmoABC, encoding particulate methane monooxygenase, and amoABC, 

encoding ammonia monooxygenase, share a high level of sequence identity (Holmes et al. 1995, 

Bourne et al. 2001). As in Viitamäki et al. (2022), also in this study, genes pmoABC in the methanotroph 

pathway (methane oxidation, methane to formaldehyde) were active and the methane fluxes were 

negative or close to zero, which indicated methane oxidation is an important energy source in winter 

as well. Families Methylocystaceae and Beijerinckiaceae include members that are methanotrophs 

(Dunfield et al. 1999, Wegner et al. 2019) and Methylobacteriaceae contain members that are 

methylotrophs, converting methanol to formaldehyde (Kelly et al. 2014). They all belong to the class 

Alphaproteobacteria and were found active in these soils.   
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4.3 pH and CO₂ were important factors shaping active microbial communities and active 

genes………… 

 

In these subarctic soils, pH and CO₂ were the strongest factors in shaping the composition of active 

microbial communities, while SOM content, snow depth, soil water content, soil temperature, N₂O, 

and CH₄ had an effect as well, yet at a lower rate. Most of the evergreen shrub and deciduous shrub 

samples were affected by the same environmental factors but a clear correlation between vegetation 

type and active communities was not detected. Vegetation type was not a strong factor shaping active 

communities, even though different plant species affect soil properties and microbial compositions 

(Berg & Smalla 2009, Schmid et al. 2020). In the KEGG pathways, CO₂ was the most important factor 

shaping activity of genes, whereas pH, soil water content, and CH₄ had clear effects as well. Snow 

depth, soil temperature, N₂O, and SOM content had only a small effect. Most of the meadow and 

deciduous shrub samples were influenced by the same factors, yet vegetation type was not a strong 

factor affecting active genes. Both active communities and genes were influenced by pH, which has 

been reported to be the most important factor shaping microbial communities (Bartram et al. 2014), 

especially in acidic tundra soils (Männistö et al. 2007). Surprisingly, snow depth had only a small effect 

on both active communities and genes, even though it was hypothesized that microorganisms would 

stay more active under the thick snow layer, as the soil would stay warmer (Schimel et al. 2004, 

Sommerfield et al. 1993). However, despite the ranging snow depths, soil temperature stayed below 

0 °C in all sampling sites and, the depth of snow cover did not clearly influence soil temperature. 

 

4.4 Various environmental factors affected the activity of denitrifiers and the production of 

nitrous oxide 

 

The absence of vegetation has been noticed to increase N₂O emissions (Gil et al. 2021, Repo et al. 

2009, Marushchak et al. 2011). Gil et al. 2021 suggested that in vegetated soils, available N is used 

both by plants and microorganisms, while in unvegetated soils more N is available for microorganisms. 

The excess in N availability on barren surfaces can lead to higher N₂O emissions. From barren sample 

271, gases were not measured and thus, this study is lacking information on the impact of the absence 

of vegetation. Other vegetation types (meadow, evergreen shrub, deciduous shrub, and fen) did not 

clearly affect N₂O emissions, and a correlation between different vegetation types and high N₂O 

emissions was not detected. 
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Wang et al. (2022) showed that soils with high soil water content have a high level of denitrification 

activity and N₂O emissions. Additionally, when the water content is low, nitrification is the main 

process driving N₂O emissions and in contrast, with high water content denitrification occurs. Soil 

water content is linked to oxygen content and denitrification occurs more in anoxic conditions (Voight 

et al. 2020). In this study, samples 811 and 12217 with the highest emissions (over 15 µg N₂O m–2 d–1) 

had indeed high soil water content of over 90%. However, low N2O fluxes were measured from sample 

12221 with high soil water content, and the sample was clearly affected by other factors as well.  

Low soil pH has been reported to affect the production of N₂O by affecting both gene activity and 

denitrifying bacteria communities (Palmer et al. 2012, Van Den Heuvel et al. 2010, Voight et al. 2020). 

In this study, most of the samples were acidic soils, at pH 5 or lower. Both 811 and 979 had high pH 

(>pH 6) and higher N₂O emissions, but samples 12221 and 181 with pH 6 or above did not have high 

production of N₂O, and the influence of pH on N₂O emissions is uncertain. Low pH together with low 

temperature reduces the activity of nitrous oxide reductase, encoded by gene nosZ (Voight et al. 

2020). When the activity of nitrous oxide reductase is limited, N₂O is not reduced to N₂, and can lead 

to higher N₂O emissions. However, gene nosZ was active in these soils, and N₂O can be converted into 

N₂ by denitrifiers. Production of N₂ was not measured in this study. Acid-tolerant denitrifiers can 

dominate in tundra soils at low pH, and reduce N₂O, causing lower emissions (Palmer & Horn 2012). 

In addition, the activity of denitrifiers can continue even below pH 3, as the communities adapt to 

acidic conditions (Van Den Heuvel et al. 2010). Van Den Heuvel et al. (2010) stated that particularly 

Rhodanobacter was active in denitrification at pH 3. Rhodanobacter belongs to the family 

Xanthomonadaceae, which was found in this study. Palmer et al. (2012) showed that the nitrite 

reductase gene nirS dominates in acidic peat soils, not nirK. In this study, nirK was more active, even 

though pH was low in most of the samples, and pH did not have this kind of effect on nirS/nirK type 

genes. 

Various circumstances in winter affect the production of N₂O in soils. Thawing-freezing events increase 

N₂O emission, as well as an absence of snow cover (Maljanen et al. 2007, Ruan & Robertson 2017). 

Ruan and Robertson (2017) studied the production of N₂O from agricultural soils in the northern USA 

in 2017 and showed that reduced snow cover increased N₂O emissions. When the snow cover is 

reduced, soil can become deeply frozen, and N₂O fluxes become larger during the thawing-freezing 

events. Snow cover insulates the soil, which stabilizes soil temperature, and consequently, thawing-

freezing events decrease. In hemiboreal areas, where winter is typically shorter and warmer compared 

to the subarctic areas, reduced snow cover can release even more greenhouse gases because thawing-

freezing events can occur often during winter. In tundra soils where winter is typically long and cold, 

lack of snow can freeze the soil and cause damage to plant roots and affect plant-microbe interactions 
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and nutrient cycling (Groffman et al. 2001). In contrast, thick snow cover keeps the soil warm, and 

microbial activity (Schimel et al. 2004, Sommerfeld et al. 1993) and production of N₂O can continue 

under the snow. Gases can be trapped in snow and released occasionally during winter, or when 

thawing occurs (Maljanen et al. 2010, Van Bochove et al. 2001).   

Sample 811 with the highest N₂O emission did have also the lowest snow depth. However, sample 37 

with low snow depth had N₂O emission of 6.3 µg N₂O m–2 d–1, which was close to emissions in sample 

193 (5.6 µg N₂O m–2 d–1) with snow depth over 200 centimeters. Based on these results, snow depth 

did not influence the production of N₂O in these soils. Generally, microbial activity increases at higher 

temperatures, and therefore the activity of denitrifiers can increase when soil temperature rises. 

However, microorganisms in subarctic and arctic areas are adapted to cold environments and 

microorganisms stay active below 0 °C (Clein & Schimel 1995), and denitrification and N₂O production 

can continue despite low temperature.  As stated before, the depth of snow cover did not have a clear 

effect on soil temperature, and samples with soil temperature close to zero did not have exceptionally 

high gene activity in denitrification or production of N₂O.  

In subarctic soils, the activity of microorganisms is restricted by low temperature and low pH. 

However, permafrost-affected soils contain microorganisms adapted to cold environments and can 

also decompose organic matter in low temperatures (Aurela et al. 2002). Xu et al. (2017) reported that 

denitrification occurred in deeper layers of the soil, as it would provide an anoxic environment, 

suitable for denitrifiers. Viitamäki (2019) reported that denitrification and DNRA pathways showed 

higher gene activity in mineral layers of the soil. On the other hand, the most active layer is typically 

the organic layer as it holds higher organic matter and nutrient content, and in deeper layers lack of 

SOM can restrict the activity of denitrifiers (Xu et al. 2017, Wang et al. 2014). In this study, the 

influence of soil organic matter was small, and it did not shape strongly active communities or the 

production of N₂O. However, also the quality of organic matter and overall nitrogen content in soil 

influence the structure of microbial communities (Koyama et al. 2014). 

 

4.5 Suggestions for future research 

 

The research on subarctic and arctic environments is still lacking information. A soil ecosystem is a 

complex environment with a large diversity of microorganisms, and it is always affected by various 

factors, including weather conditions and soil chemistry, as well as surrounding vegetation, soil 

animals, and fungal species. Although in this study interaction of fungi was not studied, it is obvious 

that they play an important role in soils by degrading organic material and recycling nutrients. There 
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are many obstacles when analyzing fungi in soils, such as cultivating problems and the identification 

of species. The cultivation problems can be avoided by applying metagenomics and 

metatranscriptomics. This study concluded soil samples only from the organic layer of the soil, but it 

is important to study deeper layers of the soil as well. Wintertime microbial composition and gene 

activity is a challenging, yet important field of study and would need more information, particularly 

from permafrost-affected areas. In this study, samples were collected during one week at the 

beginning of April, but a longer study time would provide important data on the microbial composition 

and emitted greenhouse gases. Different winter conditions, such as the timing of the first snow, 

temperature, and thawing-freezing events are important factors influencing the properties of the soil 

ecosystem during winter. Thus, studies from subarctic areas during winter would give crucial new 

information on the overall activity of microorganisms and their contribution to greenhouse gas 

emissions. Moreover, the production of greenhouse gases during summer from the same soils would 

improve the understanding of microbial activity in complex tundra soils. Year-round remote sensing 

flux measurements would give comprehensive and more reliable information on gas fluxes, as it would 

exclude possible sampling errors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 
 

5 Conclusions  

 

This study concluded that genes encoding the enzymes in the denitrification pathway were active in a 

small number and the role of denitrifiers and their contribution to N₂O emissions in winter was small, 

yet evident. These Kilpisjärvi tundra soils are complex systems, and various environmental factors 

affected the activity of denitrifiers and the production of N₂O. Low production of methane and the 

gene activity in particulate methane monooxygenase gene (pmo) indicated that methane oxidation 

was an important energy source in these subarctic soils. Overall microbial activity was high already in 

April and indicated that microorganisms were active in these subarctic soils during winter and thus, 

can continue producing greenhouse gases throughout the year. Both active microbial composition and 

expressed genes resembled the results obtained in summer from the same Kilpisjärvi soils by Viitamäki 

in 2019, and showed that microorganisms are adapted to harsh tundra soil conditions. Subarctic 

tundra soils in northern regions are vulnerable environments and sensitive to rapid changes. They and 

the microbial communities in these soils should be studied more frequently and the production of 

nitrous oxide, as well as other greenhouse gases, should be taken into account when making decisions 

on climate change.   
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